]o) from 1.3 to 10 mM in K ϩ -depressed slow-twitch soleus and/or fast-twitch extensor digitorum longus muscles caused the following: 1) increase of intracellular K ϩ activity by 20 -60 mM (raised intracellular K ϩ content, unchanged intracellular fluid volume), so that the K ϩ -equilibrium potential increased by ϳ10 mV and resting membrane potential repolarized by 5-10 mV; 2) large restoration of action potential amplitude (16 -54 mV); 3) considerable recovery of excitable fibers (ϳ50% total); and 4) restoration of peak force with the peak tetanic force-extracellular K ϩ concentration ([K ϩ ]o) relationship shifting rightward toward higher [K ϩ ]o. Double-sigmoid curve-fitting to fatigue profiles (125 Hz for 500 ms, every second for 100 s) showed that prior exposure to raised [K ϩ ]o (7 mM) increased, whereas lowered [K ϩ ]o (2 mM) decreased, the rate and extent of force loss during the late phase of fatigue (second sigmoid) in soleus, hence implying a K ϩ dependence for late fatigue. Prior exposure to 10 mM [Ca 2ϩ ]o slowed late fatigue in both muscle types, but was without effect on the extent of fatigue. These combined findings support our notion that a Ca 2ϩ -K ϩ interaction is plausible during severe fatigue in both muscle types. We speculate that a diminished transsarcolemmal K ϩ gradient and lowered [Ca 2ϩ ]o contribute to late fatigue through reduced action potential amplitude and excitability. The raised [Ca 2ϩ ]o-induced slowing of fatigue is likely to be mediated by a higher intracellular K ϩ activity, which prolongs the time before stimulation-induced K ϩ efflux depolarizes the sarcolemma sufficiently to interfere with action potentials. muscle fatigue; fiber-type; action potential; excitability; calcium; potassium THE NOTION THAT EXTRACELLULAR calcium concentration ([Ca 2ϩ ] o ) and/or transsarcolemmal Ca 2ϩ fluxes have a role in muscle fatigue has existed for over 30 yr (6) and has been discussed in many reviews (3, 15, 19, 25, 40, 60) . It is well established from studies of fatigue in isolated muscles that nominally Ca 2ϩ -free solutions accelerate the decline of isometric force during fatiguing stimulation (13, 24, 28, 56, 67, 68) and, conversely, that raised [Ca 2ϩ ] o can provide some resistance to fatigue (13, 28 (4, 46, 66) , which may also help to sustain SR Ca 2ϩ release during fatigue. Third, nominally Ca 2ϩ -free solutions exacerbate the loss of sarcolemmal excitability during repeated stimulation of amphibian muscle fibers, by a mechanism independent of resting membrane potential (E M ), and which is possibly related to lowered SR Ca 2ϩ content (67). Fourth, raised [Ca 2ϩ ] o may directly stabilize and/or reduce inactivation of voltage-dependent Na ϩ channels (46, 59, 61) to help promote sarcolemmal excitability. Fifth, raised [Ca 2ϩ ] o can reverse the detrimental effects of a lowered transsarcolemmal K ϩ gradient in nonfatigued muscle and may also counteract K ϩ -induced fatigue (13). Accordingly, a positive Ca 2ϩ -K ϩ interaction, which is mediated via recovery of the E M , may combat K ϩ -induced depolarization and impairment of action potentials and excitability, thereby conferring protection against fatigue.
ϩ content, unchanged intracellular fluid volume), so that the K ϩ -equilibrium potential increased by ϳ10 mV and resting membrane potential repolarized by 5-10 mV; 2) large restoration of action potential amplitude (16 -54 mV); 3) considerable recovery of excitable fibers (ϳ50% total); and 4) restoration of peak force with the peak tetanic force-extracellular K ϩ concentration ([K ϩ ]o) relationship shifting rightward toward higher [K ϩ ]o. Double-sigmoid curve-fitting to fatigue profiles (125 Hz for 500 ms, every second for 100 s) showed that prior exposure to raised [K ϩ ]o (7 mM) increased, whereas lowered [K ϩ ]o (2 mM) decreased, the rate and extent of force loss during the late phase of fatigue (second sigmoid) in soleus, hence implying a K ϩ dependence for late fatigue. Prior exposure to 10 mM [Ca 2ϩ ]o slowed late fatigue in both muscle types, but was without effect on the extent of fatigue. These combined findings support our notion that a Ca 2ϩ -K ϩ interaction is plausible during severe fatigue in both muscle types. We speculate that a diminished transsarcolemmal K ϩ gradient and lowered [Ca 2ϩ ]o contribute to late fatigue through reduced action potential amplitude and excitability. The raised [Ca 2ϩ ]o-induced slowing of fatigue is likely to be mediated by a higher intracellular K ϩ activity, which prolongs the time before stimulation-induced K ϩ efflux depolarizes the sarcolemma sufficiently to interfere with action potentials. muscle fatigue; fiber-type; action potential; excitability; calcium; potassium THE NOTION THAT EXTRACELLULAR calcium concentration ([Ca 2ϩ ] o ) and/or transsarcolemmal Ca 2ϩ fluxes have a role in muscle fatigue has existed for over 30 yr (6) and has been discussed in many reviews (3, 15, 19, 25, 40, 60) . It is well established from studies of fatigue in isolated muscles that nominally Ca 2ϩ -free solutions accelerate the decline of isometric force during fatiguing stimulation (13, 24, 28, 56, 67, 68) and, conversely, that raised [Ca 2ϩ ] o can provide some resistance to fatigue (13, 28) . The cellular mechanisms to explain such effects are not fully understood, although several possibilities exist. First, a transsarcolemmal Ca 2ϩ influx via any of several pathways, for example, voltage-activated L-type Ca 2ϩ channels (41, 46, 68) , store-operated Ca 2ϩ channels (21, 24, 40, 51, 54, 65, 69, 71) , stretch-activated Ca 2ϩ channels (24, 54, 71) , or Na ϩ /Ca 2ϩ exchanger proteins (28) may refill Ca 2ϩ stores in the sarcoplasmic reticulum (SR) to better maintain Ca 2ϩ release during fatigue (24, 40, 51, 54, 69, 71) . Notably, such Ca 2ϩ influx can lead to a fall in transverse (t-) tubular [Ca 2ϩ ] o , as shown directly for repeated stimulation (41) or modeled with sustained depolarization (26) . Second, raised [Ca 2ϩ ] o and/or triadic intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) can stabilize the voltage sensor proteins and charge movement currents of excitation-contraction coupling in t-tubular membranes (4, 46, 66) , which may also help to sustain SR Ca 2ϩ release during fatigue. Third, nominally Ca 2ϩ -free solutions exacerbate the loss of sarcolemmal excitability during repeated stimulation of amphibian muscle fibers, by a mechanism independent of resting membrane potential (E M ), and which is possibly related to lowered SR Ca 2ϩ content (67) . Fourth, raised [Ca 2ϩ ] o may directly stabilize and/or reduce inactivation of voltage-dependent Na ϩ channels (46, 59, 61) to help promote sarcolemmal excitability. Fifth, raised [Ca 2ϩ ] o can reverse the detrimental effects of a lowered transsarcolemmal K ϩ gradient in nonfatigued muscle and may also counteract K ϩ -induced fatigue (13) . Accordingly, a positive Ca 2ϩ -K ϩ interaction, which is mediated via recovery of the E M , may combat K ϩ -induced depolarization and impairment of action potentials and excitability, thereby conferring protection against fatigue.
Our laboratory has recently provided indirect evidence that, with our stimulation protocol (repeated tetani evoked at high frequency and with short rest periods), a large component of the resulting severe fatigue involves impaired sarcolemmal excitability (16, 17) , and overcoming it with stronger or longer stimulus pulses can increase Ca 2ϩ release from the SR (17) . Moreover, stimulation regimes comparable to ours induce considerable ionic disturbances (35, 36, 43 ) and large sarolemmal depolarizations (18, (35) (36) (37) 43) , which render some fibers inexcitable (37) . Thus it appears that the mechanisms underpinning the Ca 2ϩ effect on fatigue are likely to involve changes to transsarcolemmal ion concentrations, resting E M , the action potential profile or sarcolemmal excitability, which clearly aligns with the notion of a Ca 2ϩ -K ϩ interaction. We consider that a likely physiological scenario involves a decline of [Ca 2ϩ ] o , which acts in combination with a reduced transsarcolemmal K ϩ gradient to promote fatigue. To determine the consequence of these events, we investigated the Ca 2ϩ -K ϩ interaction in nonfatigued muscle. Despite these developments, some recent studies report that altered [Ca 2ϩ ] o has no effect on fatigue of fast-twitch mammalian muscle (18, 28, 47) . In addition, nominally Ca 2ϩ -free conditions cause greater exacerbation of fatigue during repetitive tetanic stimulation in fatigue-resistant, than in easily fatigable, fibers from amphibian muscle (56) . The density of several sarcolemmal Ca 2ϩ entry pathways also varies with different muscle types (29, 39, 69) , as does the extent of Ca 2ϩ influx (29, 43) . Therefore, it appears that any Ca 2ϩ effect on fatigue may depend on the fiber-type composition of the muscle studied. Alternatively, revealing the Ca 2ϩ effects may depend on the severity of fatigue, which relate to the different phases of the fatigue profile. To aid investigation of these aspects, our laboratory recently developed a double-sigmoid curve-fitting model that quantifies rates and extents of different phases of fatigue in mouse skeletal muscle (16) .
In the present study, we chose to use a highly elevated [Ca 2ϩ ] o of 10 mM in many experiments to investigate Ca 2ϩ effects, since the influence of low [Ca 2ϩ ] o on muscle processes appears to be smaller (13) . Importantly, raised [Ca 2ϩ ] o should also attenuate Ca 2ϩ depletion in the t-tubules during fatigue. Our aims were to determine 1) the mechanism(s) for the Ca 2ϩ -K ϩ interaction in nonfatigued muscle and whether our model of fatigue is K ϩ dependent; and 2) whether there are different Ca 2ϩ effects on the different phases of fatigue in fast-twitch and slow-twitch mammalian muscles. Together, this should allow evaluation of whether and how altered [Ca 2ϩ ] o can influence K ϩ -induced fatigue in mammalian skeletal muscle.
METHODS

Muscle Preparations and Solutions
The general experimental protocols and animal usage were approved by the Animal Ethics Committees of the Universities of Auckland and Otago (New Zealand), and the Animal Care Committee of the University of Ottawa (Canada). Adult mice (Swiss CD-1) of either sex (aged 1-3 mo, 20 -35 g body wt) were killed by cervical dislocation in New Zealand or anesthetized with pentobarbital sodium in Canada (0.8 mg/10 g body wt ip, somontol, MTC Pharmaceuticals, Cambridge, Ontario, Canada) before muscle isolation and then killed by pentobarbital overdose. Intact whole fast-twitch extensor digitorum longus (EDL) or slow-twitch soleus muscles were dissected. These muscles have clearly different contractile properties, including fatigue resistance (10, 16, 17) . Their fiber-type composition is heterogeneous, but shows that the EDL has virtually no slow-twitch type I fibers, and the soleus has no fast-twitch type IIB fibers (5, 16 
Force Recording and Stimulation
Most contractile experiments involved muscles mounted vertically in a thermostatically controlled chamber (ϳ100 ml) containing Krebs solution (see Ref. 10 for a full description of the setup). Isometric contractions, one tendon was fixed and the other attached to a force transducer (KSP-2-E3, Kyowa, Japan), were elicited by electric field stimulation usually delivered via two parallel plate platinum electrodes (7.7 mm apart), which engulf the muscle. This procedure initiates action potentials simultaneously all along the length of the sarcolemma (10) . A few experiments (indicated within the text) involved triggering action potentials, which propagate along the surface membrane by stimulating with two fine-wire electrodes (4 -6 mm apart), which transverse the muscle (10) . The standard stimulus pulses (20 V, 0.1 ms, supramaximal for the twitch) were initiated from an Apple Macintosh PowerPC 7100/80 using custom-written Labview software and delivered to the electrodes via a purpose-built power amplifier (MOSFET). Changes to stimulation frequency or contraction duration were achieved using Labview software. Twitch and tetanic contractions were recorded continuously on a chart recorder (Gould model 244) with selected contractions saved in digital form on the computer. Maximum force was elicited at 125 Hz for 2 s in soleus, and 200 Hz for 0.5 s in EDL.
Experimental protocol. Muscles were stretched to the optimal length for the tetanus, then equilibrated at 4K for at least 30 Analysis. The contractile parameters measured included peak twitch and tetanic forces, resting force and fade, i.e., the decline of force from its peak within a short tetanus (12) . The time for 50% of the force restoration with raised [Ca 2ϩ ]o at elevated [K ϩ ]o was assessed by linear interpolation between the tetani, which were evoked once every 5 min. The fatigue profile is depicted as the peak force (evoked plus resting force) expressed relative to that of the first tetanus as a function of time. Changes of resting force during a fatigue run were expressed as a percentage of the peak tetanic force in fresh muscle. Those muscle preparations regarded as viable had a slow run-down of peak tetanic force, i.e., Ͻ0.2%/min, and recovered after fatigue to Ͼ80% initial in EDL or Ͼ90% initial in soleus. The average maximum tetanic stress of the muscles used was 275 Ϯ 18 mN/mm mV on electrode withdrawal. When obtained with action potentials (tip resistances Ͻ10 M⍀), the resting E M often depolarized slowly so that the value recorded was that immediately before the stimulus artifact (e.g., see Table 2 ). Measurements were made in both surface and layer 2 fibers because the E M and action potentials of deeper fibers can differ to surface fibers (14, 32) and thereby may contribute differently to contractile function. Fibers were usually impaled sequentially with the E M identified for each layer as described in Cairns et al. (14) . Double-barreled K ϩ -sensitive microelectrodes were used to measure intracellular K ϩ activity (aK i ϩ ), with an approach similar to that used previously in our laboratory (23, 42) . This technique allows K ϩ -equilibrium potential (EK) and EM to be determined for each fiber. Measurements of K ϩ activity (aK ϩ ) are lower than [K ϩ ] due to interactions between ions in solution (related by the activity coefficient), with intracellular K ϩ appearing to behave as in free solution without subcellular binding (23, 36) . In brief, microelectrodes, constructed from glass capillary tubing (WPI-2B-150F-4), were silanized in the vapor of dichlorodimethyl silane for ϳ40 s and then baked at 180°C for 2-3 h. One microelectrode barrel was backfilled with a K ϩ -selective resin (liquid ion exchanger, Corning 477137) to its shank, and a fine chlorided silver wire inserted into the resin. The reference barrel for recording EM was filled with 3 M KCl. Each microelectrode was connected to the head stage of a differential amplifier (WPI F223A Experimental protocol. Loosely attached connective tissue was removed from the surface of isolated EDL muscles to assist with microelectrode penetration of fibers. Each muscle was then pinned via its tendons at approximately resting length into a 5-ml dish that was lined with Silastic rubber and mounted on an air table in a Faraday cage. Muscles were superfused with carbogenated Krebs solution under gravitational flow (1-2 ml/min) and equilibrated in the control 4K solution for 45-60 min before the first penetrations. The microelectrode was moved in small steps across the width of the muscle, with penetrations made first in a surface fiber, then with deeper penetration into a layer 2 fiber. Electrodes were held within each fiber long enough to get stable voltage signals from both K ϩ and reference barrels. When the solution was changed to 11K, and then 11K ϩ 10Ca (raised K ϩ Krebs solution with 11 mM K ϩ , 10 mM Ca 2ϩ ), the muscles were equilibrated for Ͼ60 min in each solution before the first recordings. Penetrations were made at different locations along the length of the muscle in each solution. Experiments were done in solutions at room temperature (range 22.5-25°C).
Analysis. The E M values accepted (in both surface and layer 2 fibers) at 4K were more negative than Ϫ65 mV, and at 8 -11K were more negative than Ϫ45 mV. Fibers giving values lower than these, i.e., more depolarized, were considered to be damaged, and the values discarded. The aK i ϩ for each fiber was calculated using Eq. 1 (42, 62) .
The values of extracellular aK ϩ (aK o ϩ ) and extracellular Na ϩ activity (aNa o ϩ ) for each bathing solution are known, the electrode characteristics of S and k were determined from the calibration of each K ϩ -sensitive electrode, and ⌬EK and EM were measured for each fiber. ⌬EK is the change of potential for the K ϩ -sensitive electrode on penetration of each fiber (i.e., ⌬E K ϭ Ei Ϫ Eo), where Ei is intracellular electrical potential and Eo is extracellular electrical potential. The EK for each fiber was subsequently calculated using Eq. 2.
For this calculation, aK i ϩ was the measured value, and aK o ϩ was known for the bathing solution, while using the temperature (T) of the bathing solution during each experiment. R is the universal gas constant, and F is Faradays constant.
Intracellular fluid volume and intracellular [K
Experimental protocol. Intracellular fluid volume (ICFV) and intracellular K ϩ content were assessed {and intracellular K ϩ concentration ([K ϩ ]i) calculated} using paired muscles from contralateral legs. Muscles were incubated under one of the following conditions for 30 min: 1) 4K; 2) 11K; 3) 11K ϩ 10Ca; 4) 11K and then another 30 min at 11 ϩ 10Ca. The ICFV and [K ϩ ]i determined for 3 and 4 were not different, so these data were pooled. Muscles had a final 10-min incubation under the same conditions but with the addition of 1 Ci/ml of 14 C-sucrose, used as an extracellular marker. Muscle weights. Muscles were wiped using Kimwipe and weighed using an ultrasensitive (g) Metler ME30 balance to obtain the total muscle wet weight. These values were mean (range) 10.8 mg (9.2-13.4 mg) for EDL and 8.5 mg (6.7-10.1 mg) for soleus. Muscles were freeze-dried overnight. At this point, paired EDL and soleus from the same mouse were combined. Fibers and tendons were separated and weighed individually to determine dry weights. We determined that tendon dry weight was on average 68.8 Ϯ 1.1% (n ϭ 10) of tendon wet weight using large gastrocnemius tendons. Using this value, EDL and soleus tendon wet weights were calculated. The true muscle fiber wet weights were calculated by subtracting the tendon wet weight from the total muscle wet weight.
14 C-sucrose and K ϩ measurements. Muscle 14 C-sucrose and K ϩ were extracted from lyophilized dry muscle fibers by adding 1 ml of 100 mM NaCl, and the solution was sonicated for 15 min with a Fisher Scientific model 60 Sonic dismembrator (Canada). The [K ϩ ] was then measured in the extract solution using a K ϩ -sensitive electrode (Lazar Research Laboratories). One hundred microliters of 60% perchloric acid were added, and the solution centrifuged for 10 min at 10,000 g to precipitate proteins. Supernatant was added to 10 ml of biodegradable counting scintillant (Amersham), and the 14 Csucrose count per minute (CPM) was obtained using a WinSpectral liquid scintillation counter (model 1414, PerkinElmer Life Sciences, Boston, MA).
Calculations. The difference between muscle fiber wet and dry weights (in g) was converted to total water content (in ml) using a density of 1 g/ml (Eq. 3).
14 C-sucrose was used to estimate the extracellular fluid volume (ECFV) (Eq. 4) with ICFV calculated as the difference between total water content and ECFV (Eq. 5).
Total water content ϭ ͑muscle wet weight Ϫ muscle dry weight͒ ⁄ density (3)
The total muscle K ϩ content was calculated as the product of muscle extract solution [ 
Action Potential Profile and Sarcolemmal Excitability
For full details on intracellular recordings of single action potentials, see Refs. 9 and 10. In brief, muscles were mounted horizontally in a bath with a rapid flow-through system (ϳ15 ml/min). The recording microelectrode (tip resistance 7-10 M⍀, tip potential Ͻ5 mV) and a reference electrode (tip resistance 1 M⍀) were backfilled with 3 M KCl. Resting E M were recorded on both a chart recorder and computer. Action potential waveforms were recorded using a WPI electrometer and sampled at 200 kHz. In the first series of experiments on soleus muscles, action potentials were triggered using a fine platinum wire, largely enclosed within a glass microelectrode and moved adjacent to the surface of the muscle with micromanipulator adjustments. Stimulation involved low-voltage strengths (with 0.3-ms pulses) to activate only a few fibers near the stimulating electrode and thus minimize contraction, which may cause electrode dislodgement. With this approach, the action potential was completed before the start of the contraction, so that there was no need for stretching the muscle (9) , which can sometimes lead to fiber damage and depolarization, and is difficult to distinguish from the depolarizing effects of K ϩ . In the second series of experiments on EDL muscles, action potentials were triggered using large platinum wire electrodes with supramaximal pulses (10 V, 0.3 ms) to determine both sarcolemmal excitability and action potential profiles parameters. These experiments were done in the presence of 30 M tubocurarine (i.e., curare) to ensure that sarcolemmal excitability was determined without any contribution via nerve twigs.
Experimental protocol. Muscles were stretched to the optimal length for the tetanus and equilibrated in solutions as for the other contractile experiments. In soleus muscles, action potentials were recorded in single fibers in the surface layer and underlying layer 2. Recordings were made first at 4K, then under steady-state force conditions at 10K, followed by 10 mM [
]o, (10K ϩ 10Ca), before returning to 4K. The recording electrode was withdrawn before the tetanic stimulation that occurred every 5 min throughout the experiment. In EDL muscles, action potential waveforms and excitability were assessed only for surface fibers. Recordings were made first at 4K and then after equilibration for at least 30 min in various solutions containing curare. Hence repeat measurements were made at 4K ϩ curare, 11K ϩ curare, 11K ϩ 10Ca ϩ curare, then 4K ϩ curare again, all in the same muscles.
Analysis. The action potential profile was analyzed only when the criteria for measuring resting E M were met and when the stimulus artifact did not interfere with the upstroke of the action potential. We quantified action potential parameter values as follows: overshoot, difference between peak and 0 mV; amplitude, difference between peak and resting E M; width, time interval at 50% of amplitude; maximum ϩdV/dt and maximum ϪdV/dt, peak and trough of the first derivative of the action potential, respectively. Sarcolemmal excitability (%excitable fibers) was quantified as number of fibers that generated action potentials divided by total number of fibers penetrated (i.e., with and without action potentials) ϫ 100, when using supramaximal pulse stimulation.
Fatigue and Curve-Fitting Procedures
Fatigue studies. For the purpose of this study, we define fatigue as any reversible decline of peak tetanic force induced by repeated tetanic stimulation of an isolated muscle. The standard stimulation protocol (125 Hz for 500 ms, with one contraction every second for 100 s) involved standard supramaximal pulses delivered via parallel plate electrodes (10) . The force recovery after each fatigue run was followed for ϳ60 min. To examine whether prior exposure to altered 16 , so it will be reviewed here only briefly. For individual muscles, fatigue runs comprised relative force (resting plus evoked) observed at 28 time points recorded once per second for the first 10 s (to capture the initial phase of fatigue) and once every 5 s thereafter, until the end of the stimulation period. These 28 points were then fitted (using the nonlinear regression module, NLIN, in SAS) by the double-sigmoidal expression given in Eq. 10. A sixparameter double-sigmoid model was used to describe the EDL fatigue data [F(t)].
The time constant () denotes the time for each sigmoid to fall to one-half of its initial value; 1 is for the first sigmoid (early fatigue), and 2 is for the second sigmoid (late fatigue). The maximum slope for each sigmoid, i.e., S1 and S2, were obtained at 1 and 2, respectively, by differentiating Eq. 10 with respect to time. Fo is the intermediate asymptote shared by the two sigmoids, and Fmin is the minimum asymptote (plateau value) determined for the second sigmoid. For quantifying the fatigue profile in soleus, a five-parameter doublesigmoid model was used (Eq. 10 with F o ϭ 88.9). We acknowledge some uncertainty about fitting parameter values when applying the double-sigmoid model when fatigue is not severe (e.g., with soleus at 10 mM [Ca 2ϩ ]o) as this requires considerable extrapolation for the second sigmoid (16) . Nevertheless, we use the appropriate five-or six-parameter expression for graphical purposes.
Statistical Analyses
Data are presented throughout as the mean values Ϯ SE for n, the number of muscles tested (i.e., contractile data) or number of fibers/ muscles tested (i.e., resting E M, aK i ϩ , action potential profile data).
and ICFV values, n represents the number of paired muscles from contralateral legs. Data were tested for significant differences using the Student's t-test or ANOVA.
The statistical significance of differences among best fit fatigue curves between experimental conditions (altered [K ϩ ]o or [Ca 2ϩ ]o) was assessed using the Nonlinear Mixed module of SAS. In this approach, the parameters of best fit for a given muscle are treated as independent samples drawn from either a 5-variate (soleus) or a 6-variate (EDL) normal distribution. Data input to the module comprised the 28 measured values of relative force for each of the n muscles examined. The average line of best fit to the resulting n ϫ 28 data points is achieved using the Maximum Likelihood principle, treating the factor "muscle" as random. The software returns standard errors of the estimates of each parameter, as well as the value of the Akaike Information Criterion (16) . We report the goodness of fit for average double-sigmoid functions as both the squared correlation coefficient (r 2 ) and the mean square error. The same software module tests for the difference of average regression lines between groups. The level of statistical significance was set at P Ͻ 0.05 throughout. (Fig. 1A) . The force restoration was 5% of control at 8K, was much larger over the steep part of the curve at 10K or 12K, being ϳ70% of control, but there was no significant restoration at 14K. Similarly, in five EDL muscles, the effect of 10 mM [Ca 2ϩ ] o at 11 mM [K ϩ ] o (11K ϩ 10Ca) was to increase peak tetanic force (200 Hz) by 47% of control, i.e., from 36 Ϯ 10% at 11K to 83 Ϯ 4% at 11K ϩ 10Ca. Although the full force recovery with 10 mM [Ca 2ϩ ] o took 40 -60 min in both muscle types, the time for 50% force recovery was 10 Ϯ 2 min at 11K in EDL (n ϭ 5), and 4 Ϯ 1 min at 10K in soleus (n ϭ 5). We also tested for effects of smaller changes of [Ca 2ϩ ] o in soleus muscles (Fig.  1B) . When [Ca 2ϩ ] o was raised from 1.3 to 2.5 mM at 10K, the peak tetanic force (125 Hz) increased by 21% of control. Moreover, when [Ca 2ϩ ] o was lowered from 1.3 to 0.5 mM in four soleus muscles moderately depressed at 8K, the peak tetanic force (125 Hz) fell by a further 25% of control. When stimulating these same four muscles more physiologically with transverse wire electrodes, the 125-Hz tetanus was depressed from 64 Ϯ 2% (1.3Ca) to 28 Ϯ 6% (0.5Ca).
RESULTS
The
Resting E M . We compared the effect of raised [Ca 2ϩ ] o (1.3 to 10 mM) on the resting E M of K ϩ -depolarized fibers from different muscle types (Fig. 2) . (14, 32) . A similar response occurred in layer 2 fibers, with the sarcolemma being significantly repolarized by 1.6 mV, i.e., from Ϫ66.7 Ϯ 0.9 mV (n ϭ 29/7) to Ϫ68.3 Ϯ 1.2 mV (n ϭ 35/7). Conversely, with lowered [Ca 2ϩ ] o (1.3 to 0.5 mM) at 8K a significant further depolarization of 2.2 mV occurred in layer 2 fibers, but the 1.1-mV depolarization of surface fibers was not statistically significant. We also tested for effects of 10 mM [Ca 2ϩ ] o at 4K, and there was no significant change of E M with repeated measures in surface fibers from two soleus muscles, i.e., Ϫ82.5 Ϯ 1.9 mV (n ϭ 14/2) at 4K and Ϫ85.3 Ϯ 1.8 mV (n ϭ 16/2) at 4K ϩ 10Ca (P ϭ 0.302), and similarly from one EDL muscle (data not shown channel (e.g., BK Ca channel), which would bring the E M closer to the E K . The aK i ϩ in surface fibers at 4K was 124 mM, which is similar to that reported previously for mouse EDL muscle (23, 62) , and is equivalent to a [K ϩ ] i of 163 mM. The aK i ϩ of layer 2 fibers was 45 mM greater than in surface fibers, and the E M was 7.8 mV more polarized. When the bathing solution was changed from 11K to 11K ϩ 10Ca, a considerable increase of aK i ϩ occurred, i.e., 61 mM in surface fibers, 57 mM in layer 2 fibers (Table 1) . Consequently, the E K of surface fibers increased by 10.4 mV (E M repolarized by 7.8 mV), and in layer ]o (1.3 to 2.5 mM) at 10K (n ϭ 4) on tetanic contractions (125 Hz). Similar effects were seen for the 50-Hz tetanus and peak twitch force at 8K and 10K. In both panels, the peak force was normalized (%) to that evoked at 125 Hz, at 4K with 1.3 Ca. *Significant difference (P Ͻ 0.05). Parallel plate electrodes were used with supramaximal (20 V, 0.1 ms) pulses. 2 fibers the E K increased by 8.9 mV (E M repolarized by 6.6 mV). It is important to note that the E M failed to approach E K when the solution was changed from 11K to 11K ϩ 10Ca. Rather the (E M Ϫ E K ) increased by ϳ2 mV, which was significant for layer 2 fibers. Thus the repolarization of resting E M appears to be related to an increased aK i ϩ and not to an increased K ϩ conductance.
ICFV and [K
In another series of experiments on both muscle types, we examined whether the increase of aK i ϩ at 11K ϩ 10Ca compared with 11K involved fiber shrinkage due to water efflux. To do this, we determined total water content (Eq. 3) and then calculated ICFV (Eq. 5), and intracellular K ϩ was quantified to calculate [K ϩ ] i (Eq. 9). Figure 3A shows that a change from 4K to 11K increased ICFV by 11% in EDL and 13% in soleus. The ICFV then remained elevated at 11K ϩ 10Ca, but it did not differ from that at 11K, i.e., there was no fiber shrinkage with raised [Ca 2ϩ ] o . The intracellular K ϩ content increased significantly from 11K to 11K ϩ 10Ca for both muscle types. In EDL muscles, it increased from 66.2 Ϯ 5.1 to 85.8 Ϯ 2.4 mol/g wet wt, and in soleus muscles it increased from 58.0 Ϯ 1.3 to 72.2 Ϯ 6.7 mol/g wet wt. Figure  3B shows the calculated [K ϩ ] i using these data. When the bathing solution was changed from 11K to 11K ϩ 10Ca, this resulted in an elevated [ With subsequent equilibration at 10K ϩ 10Ca, there was a large reversal of all such effects. Most notably, the mean action potential amplitude increased by 54 mV so that the overshoot reappeared. All effects reversed on return to the 4K control solution (Fig. 4) . In layer 2 fibers equilibrated at 10K and then exposed to 10K ϩ 10Ca a repolarization of 3.5 mV occurred, and the action potential amplitude increased significantly by 16 mV, i.e., from 48.0 Ϯ 5.2 mV (n ϭ 22/3) to 63.7 Ϯ 5.5 mV (n ϭ 17/3). Figure 5A shows action potential amplitude data from similar experiments in surface EDL fibers but in the presence of curare. Curare had no significant effect on all action potential waveform parameters at 4K. At 11K ϩ curare, the mean resting E M depolarized by 16 mV to Ϫ59 mV, and the peak of the action potential fell from ϩ24 mV to Ϫ18 mV. When [Ca 2ϩ ] o was raised to 10 mM (11K ϩ curare to 11K ϩ 10Ca ϩ curare), a nonsignificant repolarization occurred (of excitable fibers), yet the mean action potential amplitude increased by 27 mV (Fig. 5A) ms (n ϭ 23/5) at 11K ϩ curare, and 1.189 Ϯ 0.034 ms (n ϭ 45/5) at 11K ϩ 10Ca ϩ curare. Sarcolemmal excitability. Figure 5B depicts an inhibitory effect of 11K and then restorative effect of 11K ϩ 10Ca on the percentage of excitable fibers in EDL muscles, in the presence of curare. At 4K, exposure to curare resulted in a small but nonsignificant loss of excitability. At 11K ϩ curare, 74% of the excitable fibers at 4K ϩ curare were rendered inexcitable. Then with raised [Ca 2ϩ ] o (11K ϩ 10Ca ϩ curare), a huge restoration of excitability occurred (ϳ50% of total fibers) to a level that was only 13% below that at 4K ϩ curare. (2K) would attenuate, the rate of fatigue. When soleus muscles were equilibrated at 7K, the peak tetanic force (125 Hz) fell slightly to 91 Ϯ 2% (n ϭ 5). When fatigue was subsequently induced at 7K, the rate and extent of peak force decline was exacerbated compared with that at 4K (Fig. 6) . The fatigue profiles were well fitted by a double-sigmoid model with the largest effects of 7K seen for the second sigmoid, i.e., the late phase of fatigue (Table 3 ). The fitting parameters show that its time constant ( 2 ) was abbreviated by 8 s, the maximum rate of peak force decline (S 2 ) was steepened by ϳ60%, and the final plateau of force (F min ) was further depressed by ϳ50%. A feature of this K ϩ effect was a significant reduction of both evoked and resting forces. At 100 s of stimulation, the evoked force of 31 Ϯ 1% initial (4K) fell to 20 Ϯ 2% initial (7K), and the resting force of 9 Ϯ 1% (4K) fell to 4 Ϯ 1% (7K). After equilibration of soleus muscles at 2K, the peak tetanic force was 100 Ϯ 2% initial (n ϭ 3). The subsequent fatigue profile showed that both the rate and extent of late fatigue (second sigmoid) were attenuated at 2K compared with 4K (Table 3 , Values are means Ϯ SE; n, no. of fibers/muscles. 4K data are pooled from before and after raised [K ϩ ]o solutions. Action potentials were initiated via fine platinum wire (0.3 ms pulses). Peak tetanic force (125 Hz, 2 s) recovered from 41 Ϯ 15% of control at 10K to 83 Ϯ 7% of control at 10K ϩ 10Ca in these three soleus muscles. Stimulation was with large transverse wire electrodes and supramaximal (10 V, 0.3 ms) pulses. ϩdV/dt and ϪdV/dt, peak and trough of the first derivative of the action potential, respectively. *Significant difference between 4K and 10K, or 10K and 10K ϩ 10Ca (P Ͻ 0.05, ANOVA). of excitable fibers/total number of fibers penetrated in parentheses), from the same experiments as in A. Experiments were done in the presence of 30 M curare (n ϭ 5 muscles) with at least 30-min exposure to each solution before action potentials were triggered. Data at 4K without curare were from two of these muscles. *11K ϩ curare significantly less than 4K ϩ curare (P Ͻ 0.05, ANOVA).
Influence of Altered
§ 11K ϩ 10Ca ϩ curare is significantly greater than 11K ϩ curare (P Ͻ 0.05, ANOVA). Fig. 6 ). These effects involved a small increase of both evoked and resting forces.
Influence of Raised [Ca 2ϩ ] o on Fatigue with Repeated Tetani
When [Ca 2ϩ ] o was raised from 1.3 to 10 mM, the steadystate peak tetanic force (200 Hz) of nonfatigued EDL muscles was unchanged at 98 Ϯ 2% initial (n ϭ 7). The effect of 4K ϩ 10Ca was then tested on fatigue in five EDL muscles, with the most notable feature being a slowing of late fatigue (Table 4 , Fig. 7A ). This protective Ca 2ϩ effect occurred over 15-70 s of stimulation, with the largest attenuation being 16% of the peak force decline, which occurred at ϳ20 s of stimulation. The fitting parameters show that, at 4K ϩ 10Ca, 2 was prolonged by 7 s, S 2 was reduced by ϳ60%, but F min was unaltered (Table  4) . Moreover, resting force was unaltered during fatigue at either [Ca 2ϩ ] o (data not shown). A second beneficial effect was that fade (relative decline of force within a tetanus) was delayed and first appeared at 75 Ϯ 8 s (n ϭ 5) at 4K ϩ 10Ca, as opposed to 43 Ϯ 8 s (n ϭ 8) at 4K. The fade at 100 s of stimulation (125 Hz, 0.5 s tetanus) was attenuated by one-half from 0.61 Ϯ 0.07 at 4K to 0.82 Ϯ 0.07 at 4K ϩ 10Ca. Unexpectedly, a small detrimental Ca 2ϩ effect occurred at 4K ϩ 10Ca during early fatigue, with an exacerbated peak force loss over the initial 10 tetani (ANOVA) (Fig. 7A ). This effect manifested rapidly, with a significantly greater decline of peak force by the second tetanus, i.e., to 88 Ϯ 1% initial at 4K ϩ 10Ca (n ϭ 5) compared with that to 94 Ϯ 0.4% initial at 4K.
In soleus muscles, prior exposure to 4K ϩ 10Ca also influenced the kinetics of late fatigue (Table 4 , Fig. 7B) , with the largest Ca 2ϩ effect being an attenuated peak force decline by ϳ16% initial from ϳ60 s of stimulation onwards. There was a doubling of 2 and S 2 fell by ϳ60% normal, but F min did not significantly differ (Table 4) . In contrast to the EDL, the effect on late fatigue included a contribution from an elevated resting force, which at 100 s increased from 5 Ϯ 2% of peak initial force at 4K to 14 Ϯ 3% at 4K ϩ 10Ca.
DISCUSSION
The main novel findings of the present study are that 1) ] o slowed late fatigue during repeated tetani in fast-twitch muscle Fatigue protocol: 125 Hz for 500 ms, evoked once every second for 100 s. Supramaximal pulses (20 V, 0.1 ms) were delivered via parallel plate electrodes. n ϭ 5 muscles at 7K, n ϭ 3 muscles at 2K, and n ϭ 8 muscles at 4K. All fatigue curves differed significantly from one another (P Ͻ 0.05, ANOVA). For fitting parameters, see Table 3 . Values are means Ϯ SE; n, no. of muscles. Stimulation protocol: 125 Hz for 500 ms, once every second for 100 s. Supramaximal pulses (20 V, 0.1 ms) were delivered via parallel plate electrodes. S1 and S2, maximum slope for each sigmoid; 1 and 2, time for each sigmoid to fall to one-half of its initial value [1 is for the first sigmoid (early fatigue), and 2 is for the second sigmoid (late fatigue)]; Fmin, minimum asymptote (plateau value) determined for the second sigmoid; MSε, mean square error. The five parameter estimates (1, S1, 2, S2, Fmin) and fitting statistics (r 2 , MSε) were obtained from fitting to all data. The intermediate asymptote shared by the two sigmoids (Fo) was set at 88.9% (16) . For each 2K and 7K experiment, the test run at the specified value of [K ϩ ]o was bracketed by standard runs at 4K. The before and after values at 4K were averaged for each of the 8 test runs. *Significant difference between 2K and 4K, or 4K and 7K (P Ͻ 0.05). Parameter estimates are mean values Ϯ SE; n, no. of muscles. Stimulation protocol: 125 Hz for 500 ms, once every second for 100 s. Supramaximal pulses (20 V, 0.1 ms) and plate electrodes were used. The parameter estimates (1, S1, 2, S2, Fo, Fmin) and fitting statistics (r 2 , MSε) were determined by fitting to all data. Fo was fixed at 88.9% for soleus (16) . *Significant difference between 4K and 4K ϩ 10Ca (P Ͻ 0.05).
(consistent with the effect seen in slow-twitch muscle). We regard that a likely physiological scenario is that [Ca 2ϩ ] o declines during fatigue and acts synergistically with a reduced K ϩ gradient to accelerate fatigue. In the following discussion, we first address the mechanism for the Ca 2ϩ -K ϩ interaction in nonfatigued muscle, leading to the physiological relevance of our findings during fatigue. ] o (10 mM) induced an up to 10-mV repolarization of the sarcolemma in severely K ϩ -depolarized fibers. This effect was of similar magnitude in fast-twitch and slow-twitch fibers (Fig.  2) , which implies a common mechanism for both muscle types. Similar Ca 2ϩ -induced repolarizations have been shown for phospholipase-depolarized fibers (2), or small hyperpolarizations at normal [K ϩ ] o for intact fibers (2), cultured muscle cells (48), or loose-patch clamped fibers (59), while there are reports showing that Ca 2ϩ -free solutions promote depolarization (22, 67) . It is also known that divalent cations, such as Ca 2ϩ , have the ability to screen surface charge so that the sarcolemma appears less depolarized without changing the E M (40, 46) . However, the observed Ca 2ϩ -induced repolarization (Tables 1  and 2 Fig. 3B ). The corresponding increase of E K is sufficient by itself to account for the entire increase of resting E M in EDL fibers (Table 1 (8, 64) . Also, our 20 -60 mM elevation of aK i ϩ markedly exceeds the rise seen with Na ϩ -K ϩ pump stimulation by ␤-agonists (36). We ruled out the possibility that this rise of aK i ϩ involves an osmotic effect with water efflux leading to cell shrinkage, since ICFV was unchanged in both muscle types (Fig. 3A) . The increased ICFV at 11K compared with 4K (Fig. 3A) , when K ϩ was exchanged for Na ϩ to maintain osmolarity but making the solution hypertonic, is consistent with the seminal work of Boyle and Conway (7), where an influx of KCl followed by water occurs so that [K ϩ ] i remains constant. The subsequent addition of CaCl 2 to make a slightly hyperosmotic (and hypertonic) solution (11K ϩ 10Ca) is expected to cause water efflux and fiber shrinkage. However, the ICFV was unchanged under steady-state conditions (Fig. 3A) , which is consistent with protection due to a regulatory volume increase (30, 44) . This latter process is known to involve activation of the sarcolemmal Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC), which promotes K ϩ and Na ϩ influx along with Cl Ϫ and water (30, 38, 39, 44) . Hence one proposal for the [Ca 2ϩ ] o -induced rise in aK i ϩ is that the hypertonicity induces K ϩ influx via the NKCC, with the resulting elevation of aNa i ϩ , also stimulating the Na ϩ -K ϩ pump (19, 20) to further increase K ϩ influx. Furthermore, Ca 2ϩ may activate the NKCC, which is Ca 2ϩ dependent in other tissues (63) . These ideas also appear to be feasible during fatigue, since pharmacological manipulation of the NKCC or Na ϩ -K ϩ pump alters fatigue kinetics during repeated tetani in normal solutions (36, 38) . Another explanation for the increased aK i ϩ is that it results from inhibitory effects on K ϩ efflux, possibly via reduced K ϩ channel conductance, and this idea warrants investigation. Clearly, the potential contribution of a large number of cellular processes needs to be investigated ]o. At least 60 min were allowed between fatigue runs. For both muscle types, the fatigue profile at 4K and 4K ϩ 10Ca differed significantly (P Ͻ 0.05). For fitting parameters, see Table 4 .
Mechanism for the
with a detailed further study to establish the precise mechanism(s) involved. Figs. 4 and 5A ), but this is not seen at normal E M (2). Our Ca 2ϩ effect is likely to involve repolarization, since action potential amplitude increases markedly with small repolarizations of E M between Ϫ65 and Ϫ55 mV (55, 57, 58) , but this is not the case when E M is more polarized than Ϫ70 mV (55) . However, we cannot exclude that a non-E M -related mechanism contributes to this effect in EDL. Restoration of other action potential profile parameters with 10 mM [Ca 2ϩ ] o at 10 -11K in either muscle type (e.g., Table 2 ) are all consistent with effects of a lesser depolarization (55) (Fig. 5B) , which presumably follows recovery of sarcolemmal action potential threshold. Indeed, a K ϩ -induced increase of action potential threshold is shown with microelectrodes (2, 58) or inferred from a rightward shift of the twitch force-stimulation strength relationship (12, 13, 17) . This effect is likely to make some fibers inexcitable at rest (12, 37, 57, 58) , or cause action potential skipping and/or complete failure during action potential trains (57) . A leftward shift of the twitch force-stimulation strength relationship at 10K ϩ 10Ca compared with 10K in soleus muscles (13) is consistent with a recovery of action potential threshold. These combined effects are presumably a consequence of the Ca 2ϩ -induced repolarization, which causes reversal of slow inactivation of voltage-dependent Na ϩ channels (58, 59 (Fig. 1A) , comparable to that seen with ␤-agonists, lactate, or acidosis (45, 53) . Smaller changes of [Ca 2ϩ ] o (over 0.5-2.5 mM) influence contractile force over 8 -10K (Fig. 1B) , which strengthens the possibility that stimulation-induced changes of [Ca 2ϩ ] o has a physiological role. We previously speculated that Ca 2ϩ -induced repolarizations likely cause the force recovery at raised [K ϩ ] o (13), since small repolarizations (i.e., a few millivolts) markedly influence force when the resting E M is between Ϫ65 and Ϫ55 mV, according to the peak tetanic force-resting E M relationship (12, 13, 15, 57) . In this E M range, a 5-mV repolarization (e.g., 10K to 10K ϩ 10Ca) is predicted to permit a recovery of force by 50 -70% control, and a 2-mV repolarization (e.g., 10K to 10K ϩ 2.5Ca) is predicted to increase force by ϳ20% control. Both of these predictions match what we measured experimentally.
Taken together, raised [Ca 2ϩ ] o induces an elevated aK i
-depressed muscle, which mediates repolarization of the sarcolemma, to restore action potential amplitude and sarcolemmal excitability and ultimately increases force. These changes should also permit better action potential propagation and pattern during train stimulation to attenuate the force loss during fatigue.
[K ϩ ] o Effects on Fatigue with Repeated Tetani
The present study is the first, to our knowledge, to demonstrate that prior exposure to physiologically low or high values of [K ϩ ] o (15, 19, 45, 49, 60) modulate the fatigue profile during repeated intermittent tetanic stimulation (Table 3, Fig.  6 ). The double-sigmoid curve-fitting analysis demonstrates that the major K ϩ effects occur when severe fatigue prevails during the late phase (i.e., the second sigmoid). When [K ϩ ] o was raised over 2-7 mM (Table 3) , the kinetics of late fatigue are accelerated, and the extent of late fatigue is greater, so that K ϩ effects accounted for at least 27% of the eventual loss of force. Clearly, our model of fatigue is K ϩ dependent and supports the K ϩ hypothesis of fatigue (15, 19, 45, 60) . Raised [K ϩ ] o has previously been shown to accelerate fatigue during prolonged continuous tetanic stimulation (11, 20, 70) , which is a markedly different fatigue regime to what we use here. Notably, an observation that prior exposure to 10 mM [K ϩ ] o failed to modify fatigue during repeated short tetani (70) has been used to argue against a role for K ϩ in such fatigue. However, those findings are not surprising, given that the authors' stimulation regime has an impact on the interpretation (10), since it involved extended rest periods between tetani (i.e., 1.4 vs. 0.5 s) and longer stimulus pulses (i.e., 0.5 vs. 0.1 ms) than we used. These features are likely to attenuate transsarcolemmal K ϩ shifts and diminish the chances of detecting action potential impairments with K ϩ (12, 17) .
Influence of Raised [Ca 2ϩ ] o on Fatigue in Fast-and Slow-Twitch Muscle
The two beneficial effects of raised [Ca 2ϩ ] o include a slowing of late fatigue in both muscle types (Table 4 , Fig. 7) , and a reduction in the extent of fade but only in fast-twitch EDL muscle. The largest improvement of relative force at any time point was ϳ16% initial force in both muscle types and is attributed to a lower rate of peak force decline for late fatigue (the second sigmoid) ( Table 4 ). This protective Ca 2ϩ effect included an increased evoked force in both muscle types. However, in soleus muscles, an increased resting force contributed about one-third of the total effect, which may reflect an elevated basal [Ca 2ϩ ] i between tetani (69) . A small number of other studies have shown that raised [Ca 2ϩ ] o , sarcolemmal Ca 2ϩ -channel activators, or Ca 2ϩ ionophores cause ϳ10 -20% increase of relative force during various fatigue protocols in slow-twitch muscle (28, 54) . The more common approach of using nominally Ca 2ϩ -free solutions (13, 24, 28, 51, 68) , or muscles that are knockout for sarcolemmal stretch-or storeoperated Ca 2ϩ channels (54, 69) , or pharmacological blockade of various Ca 2ϩ channels or Na ϩ /Ca 2ϩ exchanger proteins (24, 28, 51, 71) show an exacerbated loss of force by 5-40% initial in different types of fatigue regime. These combined findings suggest that Ca 2ϩ influx across the sarcolemma helps to sustain force during fatigue, and without this contribution performance is further impaired.
We show a [Ca 2ϩ ] o dependence of late fatigue with repeated tetani in fast-twitch EDL muscle (Table 4 , Fig. 7A ), consistent with some studies (21, 69, 71) , but in contradiction to others on fast-twitch muscle (18, 28, 47) . The negative findings of others may be due to their experimental protocol. This includes inducing fatigue with a single prolonged continuous tetanus (28, 47) , testing a partially lowered [Ca 2ϩ ] o to ϳ0.5 mM (18, 47), or utilizing short (15 min) equilibration times (18) , given that it might take longer for Ca 2ϩ effects to manifest (67) . Furthermore, we showed a new Ca 2ϩ effect in fast-twitch muscle, where an exacerbated peak force loss occurred during early fatigue (Fig. 7A) . The mechanism for this detrimental effect is uncertain, but it may compete with and mask the positive Ca 2ϩ effects on force production during fatigue, in some studies on fast-twitch muscle. (Table 3 , Fig. 6 ), and it is also this phase of fatigue where raised [Ca 2ϩ ] o exerts its effects (Table 4 , Fig. 7) . 2) Since fatigue-induced depolarization is mediated by raised extracellular aK ϩ , together with lowered aK i ϩ (15, 19, 35, 43, 45, 60) , our Ca 2ϩ effect to increase aK i ϩ in K ϩ -depressed muscle (Table 1 , Fig. 3B ) is also likely to provide resistance to depolarization during fatigue. Hence, the E M would takes longer to depolarize to the critical range for force depression (12, 13, 15, 57 (Fig. 5B) , along with reversing the right shift of the twitch force-stimulation strength relationship, in K ϩ -depressed muscles (13) . Such actions may overcome the action potential impairments and right shift of the twitch force-stimulation strength relationship seen with our model of fatigue (17, 37) . 4) Raised [Ca 2ϩ ] o restored peak force, slowed the force decline, and attenuated fade in muscles exposed to raised [K ϩ ] o (Fig. 1, Ref. 13 ). Such Ca 2ϩ effects on peak force were greater in magnitude than those seen during fatigue (Fig. 7) . However, this is not surprising, since raised [Ca 2ϩ ] o also impairs force production at lowered [Na ϩ ] o (13) and a reduced transsarcolemmal Na ϩ gradient occurs simultaneously with a lowered K ϩ gradient during fatigue (15, 35, 36, 43, 45) . Importantly, we found previously (13, 15 ) that elevating or lowering [Ca 2ϩ ] o in muscles depressed with both raised [K ϩ ] o and lowered [Na ϩ ] o restores or further depresses force production, respectively. We, therefore, suggest that a Ca 2ϩ -K ϩ -Na ϩ interaction can occur during late fatigue. However, a water-tight assessment requires greater understanding of the processes responsible for this interaction and the use of a tool/intervention to block or antagonize such processes during fatigue.
Is a
Physiological Relevance
The present findings (Table 4 , Fig. 7) are consistent with the notion that some Ca 2ϩ depletion in interstitial and/or t-tubular compartments contributes to stimulation-induced fatigue, at least in isolated muscles. Moreover, our findings are also in line with studies proposing a role for Ca 2ϩ influx via storeoperated Ca 2ϩ channels, stretch-activated Ca 2ϩ channels, Ltype Ca 2ϩ channels, or Na/Ca exchanger proteins (21, 24, 28, 41, 51, 54, 65, 68, 69, 71) , since these Ca 2ϩ entry pathways can be linked to the Ca 2ϩ -K ϩ interaction. We, therefore, hypothesize that, during high-intensity exercise over 5-10 min, a lowered interstitial or t-tubular [Ca 2ϩ ] o interacts with a reduced transsarcolemmal K ϩ gradient to further lower muscle aK i ϩ and contribute to fatigue. Arguments against this hypothesis include the high [Ca 2ϩ ] o used in our study and the prolonged time course for maximum Ca 2ϩ -effects. However, smaller changes of [Ca 2ϩ ] o (i.e., over 0.5 to 2.5 mM, rather than with 10 mM) can modulate K ϩ effects in nonfatigued muscle (Fig. 1B) . Altered [Ca 2ϩ ] o also causes notable changes to K ϩ -depressed force in Ͻ10 min, which is consistent with the time needed for larger ionic changes during intense exercise (15, 45) . Another consideration is that our fatigue model involves repeated high-frequency stimulation of isolated whole muscles (with known diffusion limitations), which may exacerbate transsarcolemmal ion fluxes and impair excitability (17, (35) (36) (37) . Importantly, quantitatively similar ionic disturbances occur with intense exercise in humans (15, 19, 45, 60) , which means that our whole muscle model has physiological relevance for testing the Ca 2ϩ -K ϩ interaction. Our data also lead to the intriguing possibility that artificially elevating plasma or interstitial [Ca 2ϩ ] o before exercise in humans may be a useful intervention to increase and better maintain muscle aK i ϩ , so that exercise performance is improved in events where large transsarcolemmal K ϩ disturbances occur (15, 45, 60) . Our findings on the mechanism for the Ca 2ϩ -K ϩ interaction (Tables 1 and 2 , Figs. 1-5) also have physiological relevance for understanding a treatment for hyperkalemic periodic paralysis. In this clinical situation in humans, administration of calcium gluconate is used to alleviate the paralytic K ϩ attacks on muscle (27, 52) and is a modern day treatment (1) . Also, altered [Ca 2ϩ ] o has a major impact on the contractile performance of K ϩ -depressed muscles isolated from mice suffering from hyperkalemic periodic paralysis (33) . Therefore, further enhancing knowledge about the mechanisms underpinning this Ca 2ϩ effect may assist with developing therapeutic procedures in the future.
